The current concept of genetic transformation mediated by deoxyribonucleic acid (DNA) is that a transformable strain of bacterium, when genetically competent to undergo transformation, irreversibly binds the transforming DNA and, by a process of recombination, incorporates into its own genome one or more genetic markers originally present in the donor molecule. Recent studies bearing on the recombination event indicate that, in both pneumococcus (Lacks, 1962; Fox and Allen, 1964) and in Bacillus subtilis (Bodmer and Ganesan, 1964) , there is a physical incorporation of part of the donor molecule into the resident DNA of the recipient. The details of these events and the cellular physiological mechanisms that mediate them are unknown, but it has been shown (Jyer and Ravin, 1962 ) that the efficiency of such an incorporation can be determined by genetic factors in the recipient. It is therefore both pertinent and reasonable to attempt to isolate mutant strains that will be defective or inefficient in their ability to carry out those physiological functions that are associated with the recombination event, the hope being entertained that these strains would be useful tools in studies bearing on the biochemical details underlying the events. The isolation of one such strain of Bacillus subtilis which gives rise to unstable transformant clones is described in this paper. Further, and as a first step to its possible exploitation, the nature of cellular transmission of genetic markers originally present in the transforming molecule is established by clonal analyses.
MATERIALS AXND METHODS Bacterial strains and genetic markers. All strains were originally derived from the indole-deficient strain 168 of Burkholder and Giles (1947) , the genotype of which is referred to as try2-, following Nester, Schafer, and Lederberg (1963) . Table 1 lists the strains used, their genotype and origin.
All strains, while being used either as recipients or donors, were examined for assurance of clonal purity of the characters in question. The major part of this study concerns a strain, designated 68C, which, as will be described, was derived by ultraviolet-induced mutation from strain 31 (try2-his2j) of Ephrati-Elizur, Srinivasan, and Zamenhof (1961) .
Transforming DNA. DNA was prepared from phenotypically homogenous populations of donor cells essentially by the procedure described by Marmur (1961) .
Transformation procedures. Genetically competent populations were obtained by one of the following two basic procedures or modifications of them which are described where relevant in the following sections: (i) the procedure described by Anagnostopoulos and Spizizen (1961) There was, in this observation, an analogy with the clones derived by phage-mediated transduetion of Salmonella (Ozeki, 1956) , although it may UNSTABLE GENETIC TRANSFORMATION be noted that, in that situation, minute colonies constituted the majority of clones that appeared. In any event, the positive correlation between colony size and instability of transformants provided a means of selecting strains refractory to stable transformation.
Exponentially growing cells of strain 68 in NB were exposed to ultraviolet irradiation to secure 0.01 to 0.1 % survival. Surviving colonyforming units were independently grown through the competency regimen, and 105 to 106 cells were spread on restricted areas on the surface of minimal agar containing 25 ,g/ml of extracted DNA from a prototrophic strain. On incubation of the plates at 37 C for 48 hr7 one or two types of colonies appeared. The appearance and relative proportion of the minute-type colony was used as an index of unstable transformation. Strain 68C has been isolated in this manner after a limited screening of single-colony isolates from an ultraviolet-irradiated population of strain 68. Of 60 isolates tested, 68C was the one that gave the highest frequency of minute colonies on transformation with prototrophic DNA. The possibility of isolating, by this means, a mutant capable of yielding even a higher frequency of unstable transformants than does 68C, is one that needs to be examined. When competent cells of strain 68C are exposed to a limiting concentration of prototrophic DNA, they consistently give rise to two types of colonies distinguished on the basis of colony size on minimal agar (Fig. 1) (1.0:0.01) * All clones were derived from a single experiment, which involved a limited exposure of strain 68C to a subsaturating concentration of transforming prototrophic DNA and selection on minimal agar from which clones were examined after 48 hr of incubation at 37 C. than one recombinant type arise by one of the following models, which are represented diagrammatically in Fig. 2. (i) The persistent exogenote (or a genetically determinative portion of it) was transmitted linearly but participated in two recombination events; that is, that portion of the exogenote that did not participate in the first recombination event was conserved and transmitted linearly so as to participate in a second recombination event.
(ii) The exogenote, in per- sisting, replicated for a limited number of generations; copies of the exogenote thus became available for independent recombination events in different cells.
According to the first model, the first recombination event may serve to incorporate one of the two donor markers, try2+ or his2+. The unincorporated marker is transmitted unilinearly, its incorporation being deferred to another cell in the line. As a result of this manner of transmission, it should not be possible to obtain a mixed clone composed of the recombinant genotypes try2+ his2-and try2-his2+, and all clones consisting of more than one recombinant type must have try2+ his2+ as one of the components. The assumption is being made here that recombinations occurring during transformation are nonreciprocal in nature. The validity of this assumption rests on the absence of any evidence of lethality during transformation and on the fact that one does not find reciprocal recombinant types in transformation. The origin of the recipient genotype (try2-his2-) which is frequently a third component of such clones is also indicated in Fig. 2 . In contrast, according to the second model, one would expect mixed clones of the type try2+ his2-and try2-his2+ to occur with a frequency predictable from the relative probability of genetic incorporation of the markers try2+ and his2+.
A large number of minute colonies arising on minimal agar after a limited exposure of 68C to a subsaturating concentration of prototrophic DNA were picked off with a straight wire, suspended in 1.0 ml of NB/VB supplemented with 5.0 % glycerol, and frozen. The composition of each colony was examined by thawing its suspension, washing free from glycerol, and spreading samples on minimal agar (M) and minimal agar supplemented with L-tryptophan (AIT) or L-histidine (A1IH), or both (MTH). In the same experiment, the frequency of stable transformants to tryptophan or histidine independence (or both) was determined in relation to stable macrolide-resistant transformants (marker mac-ri, which is unlinked to try2 or his2. The ratio try2+ his2-! mac-r: try2-his2+/mac-rl : try2+ his2+/mac-rl provided the measure of the probability of incorporation of try2+ and his2+, and in this specific experiment approximated 2:1:2.
A total of 450 minute colonies was examined, and all of these represented unstable transformations. Since previous experiments ( Table 3) had indicated that only a small proportion of these colonies are composed of more than one recombinant genotype, the suspensions were, for convenience, first subjected to a preliminary screening which consisted of spreading 0. Table 3 . The composition of these 10 clones is indicated in Table 4 . They show that: in every unstable clone containing two recombinant types, recombinants that integrated both markers are present and constitute the minority type; no unstable clone containing the recombinant types try2+ his2-and try2-his2+ was detected. These results together make the operation of model 2 extremely unlikely. Cells from which all such clones originated clearly received both markers, but from none of them did a try2+ his2-and try2-his2+ segregate. What is the probability of finding such clones according to model 2? Even if one assumes that the integration of markers is not altered by the mechanisms by which unstable clones arise, the probability of obtaining such a clone would be given by probability (P) for integrating: try2 alone (giving rise to try2+ his2-= 2/5 his2 alone (giving rise to try2-his2+ = 1/5 try2 and his2 (giving rise to try2+ his2t) = 2/5 P for obtaining mixed clones of the type: 1. try2+ his2-and try2-his2+ = 2/5 + 1/5 = 3/5 2. try2+ his2-and try2+ his2+ = 2/5 + 2/5 = 4/5 3. try2-his2+ and try2+ his2+ = 1/5 + 2/5 = 3/5 P for obtaining mixed clones of type 1 among all mixed clones examined = 0.3. Since the emergence of such a clone was not detected in 10 trials, the first model is clearly the favored one, the probability of mistakenly accepting it even under such assumptions being (7/10)i0 = 0.028. It may also be recalled that in Stocker's (1963) experiments, which involved the micromanipulative isolation of transformant phenotypes from the cross try2-his2+ X DNA try2+ his2-, when a prolonged period of serial growth on two complete media intervened between the detection of a phenotypically transformed cell and the analyses of clones arising from it, three rare clones were observed in which two different recombinant types were represented. In none of these three clones was a mixture of try2+ his2+ and try2-his2-detected, which would again seem to support our first model. (Ozeki, 1956) or Escherichia coli (AIorse et al., 1956) (Fig. 3) .
DIscussIoN
There is now general agreement that, in all of the three transformation systems that have been studied (Fox, 1962; Fox and Hotchkiss, 1962; Lacks, 1962; Voll and Goodgall, 1961; Lorkiewicz, Opara-Kubinska, and Szybalski, 1961; 500 IYEI'.) (Schaeffer, 1964) , the possibility that recombination can occasionally be deferred for a limited number of generations has been previously considered, on the basis of observations with pneumococcus (Ravin, 1960; Hotchkiss, 1956 ). The present observation that certain unstable transformant clones of B. subtilis on stabilization give rise to two recombinant types to the exclusion of a third possible recombinant type lends credence to such considerations.
Furthermore, since the probability that an exogenote will participate in a single recombination event is much greater than that of its participating in two independent events, I believe that many of our unstable clones from which only one recombinant type could be recovered could also have arisen by a similar process. The possible origin by this means of all the clonal types I observed is summarized in Fig. 4 . It is also possible that, in some of the unstable clones bearing a single recombinant type, it was some product of the exogenote rather than the exogenote itself that was being transmitted. This latter interpretation is favored by Stocker (1956) to explain some of his abortively transduced motile clones of Salmonella. In the case of transformation, although emphasizing that these two interpretations are not mutually exclusive for clones bearing only a single recombinant type, the latter interpretation cannot be invoked for the clones bearing two recombinant types.
Evidence from other laboratories (Bodmer and Ganesan, 1964; Szybalski, 1961; Fox and Allen, 1964) (Lacks and Hotchkiss, 1960) , but the present observations and those of Stocker (1963) in B. subtilis and of Hotchkiss (1956) and of Ravin (1960) in pneumococcus are in accord with this belief. Since phage-mediated transduction has now been demonstrated in strains closely related to those used in the present study (Thorne, 1962; Takahashi, 1963) 
